Dry wood pellets (diameter 8 mm) of mixed Norwegian spruce and pine were tested in samples of 1.25 kg (1.7 l) in configurations with and without air draft from below. The pellets were placed in a vertical 15 cm diameter cylinder on top of a hot plate. Air draft inlet, when allowed, came through narrow openings in the cylinder bottom periphery. The bulk void of 36% formed channels for gas flows within the pellets bed. Initially, the samples were heated externally from below for 6 h. Time series of distributed temperatures were recorded, together with values of the mass. Smouldering with air draft was observed with two distinct behaviours: Type 1, where the sample after the period of external heating cooled down for several hours, and then increased in temperature to intense smouldering, and Type 2, where the sample went into intense smouldering before the end of external heating. Without draft airflow from below, the sample cooled down after external heating, before developing into intense smouldering about 20 h later. In all cases, the intense period lasted for 2 h. Typical temperatures were in the range 300-450°C, while higher temperatures occurred in the intense period. Draft flow caused fast oxidation spreading, while slow without draft. Indications of oxidation spreading as a distriäbuted reaction were seen. Circulating air motions in the irregular void between individual pellets is discussed as an explanation for the behaviour. Uneven access to oxygen, with possibilities of locally excess air, can explain the peak temperatures observed. combustion is commonly regarded as visible, gas-phase reactions https://doi.
Introduction
Smouldering is a non-flaming combustion mode. It can be harder to detect than flaming fires, occurs at lower temperatures and has a potential of releasing more of toxic gases. Smouldering derives heat from heterogeneous reactions occurring on the surface of a solid fuel when heated in an oxidizer environment [1] . The combustion process is generally oxygen deficient [2] , and the propagating reaction leaves behind a char that can contain significant amounts of unburned fuel.
Smouldering is of interest both as a fundamental combustion problem and as a practical fire hazard, for instance in industrial storage units and buildings.
Rein [1, 3] and Ohlemiller [4] reviewed a selection of previous experimental work on smouldering, dating back to the 1950s-80s and dealing with cellulosic particles, fibres and insulation boards, cardboard, sawdust, tobacco, etc. The first of these investigators, Palmer [5] , dealt with biomass dusts and fibres and metal dusts. He referred even older work (1930s) on coal dusts. In the recent few decades, experimental contributions have included work on polyurethane foams [6] [7] [8] [9] , wood and wood logs [10, 11] , peat [12] [13] [14] , biomass or char powder [15] [16] [17] , cotton [18] [19] [20] , surrogate human faeces [21] , bark [22, 23] , wood fibre insulation [24] and cellulose/hemicellulose with different densities [25] .
Effects of gravity were investigated experimentally by Dosanjh et al. [26] for porous cellulose (83% void), and Torero and Fernandez-Pello [27, 6] for polyurethane (97.5% void), while explored numerically by Lutsenko and Levin [28] . These investigations revealed that complex flows could be set up in porous materials due to buoyancy. Bar-Ilan et al. [8, 9] showed that buoyant flows were important for smouldering, as they had a great influence on heat transfer and on key species mass transfer.
Simply explained, smouldering differs from flaming in that oxidation and heat release occur on the solid surface of the fuel. Flaming adjacent to or surrounding the solid fuel. There is also a difference in the range of temperatures; maximum temperatures in smouldering combustion are typically found around 500-700°C [3] , although both higher and lower levels are reported in some experiments. The higher temperatures may be attributed to char oxidation [29] . In comparison, flaming combustion of solid fuels can show much higher maximum temperatures.
Smouldering propagation appears to be controlled by two factors: oxygen availability to the smouldering front and the heat transfer to or from it [2] . When external heating is prolonged in time, an assisted propagation is possible. If the external heat supply ceases, the smouldering will be either self-sustained or extinct. Smouldering is commonly classified into two different configurations: opposed (aka. reverse) and forward [30, 31, 1] , according to the direction of the oxygen flow relative to the smouldering direction. However, except in very simple configurations, a real case may over time and space comprise both directions.
In transition from smouldering to flaming, gas-phase reactions are supported by the smoulder reaction, as a source both of gaseous fuel and of the heat required to initiate the flame. According to Rein [3] , transition to flaming has only been observed in forward propagation. The reason [32] is the differences in heat transfer within opposed and forward-flow configurations. Ohlemiller [32] also made a distinction between gaseous reactions within pores of the fuel, and "true" flames outside the sample. The investigations on transition to flaming are limited [31] , but indicates that a combined occurrence of minimum amounts of air, pyrolysis products and thermal energy is required. Dodd et al. [33] reviewed the experimental literature, which speculated that char oxidation is a precursor to transition.
Most of the studies referred above were on materials with little or no continuous void, like solid bodies, foams and fine powder. Coarse granular materials, beds of pellets or wood chips, etc., with internal gas cavities and channels, appear to be less investigated and less understood. This includes a wide variety of substances and products of practical life, such as grain, animal fodder, fuel pellets, fertilizers. They are stored and handled by industry, agriculture, building services and home owners.
In some smouldering experiments (e.g. [15] ), investigators have made care to avoid cracks in the sample (often fine grinded powder) to avoid false air flows into it. For pellets and other materials with a large void, channels for gas flows in the sample is a characteristic of the fuel. He and Behrendt [16] investigated smouldering of char granules heated from below. They observed that bigger particles (> 3 mm) required longer time and higher temperature for ignition. Experiments on a larger scale (silo > 1 m 3 ) were conducted by Gentilhomme et al. [34] , with emphasis on the generation of combustible gases and the associated explosion potential. Work associated with the present study include Jensen [35, 24] on wood-fibre building insulation materials, and Mikalsen et al. [36] [37] [38] [39] on wood pellets.
In the present work, the material studied was biomass in the form of pellets. This fuel was chosen because there were few or no previous studies of smouldering in this material. Moreover, wood pellets are becoming widely used as an alternative to oil-fired central heating in residential and industrial buildings in Europe. It will be important to know its properties from safety reasons. The aim of this study was to investigate the smouldering behaviour in pellets by changing the airflow. Two configurations, with and without air draft from below, will be tested. The initiation will be by an external heat source under the sample, and the smouldering is expected to propagate upwards. Among the research issues is how much the air draft flow affects the intensity and propagation of smouldering, temperature level in general, its variation and peak values, depletion of mass and the elapsed time.
The article was based on the master thesis work [40, 41] of the first author. The complete dataset can be found attached to the thesis at the NTNU repository.
Materials and method

Fuel materials
The fuel in all samples was pellets with diameter 8 mm, made of Norwegian wood. According to producer specifications, it was made of 50-80% spruce and 20-50% pine, including bark, had a unit density of 1157 kg/m 3 and a bulk density of 736 kg/m 3 (as delivered, might be slightly larger in the experiment). This gave an overall or bulk void (porosity) of 36%. The pellets were stored at low temperature at the producer's premises for 3 months and then in a freezer in the laboratory, to avoid possible degradation (cf. [42, 43] ).
A sample of the fuel was analysed by Otto von Guericke University Magdeburg, Germany, using a Leco TGA701 Thermogravimetric Analyzer ( www.leco.com) for the proximate analysis, a Leco CHN1000 Element Analyzer for carbon, hydrogen and nitrogen, and a Leco CS230 for Sulphur. Oxygen was evaluated as the remaining substance. The proximate analysis gave 6.27% water, 0.46% ash and 76.98% volatiles, while the ultimate analysis of the water and ash free substance gave 51.64% carbon, 3.11% hydrogen, 0.03% nitrogen, 0.11% sulphur and 42.11% oxygen. All percentages were mass based. The higher and lower heating values were determined with an IKA bomb calorimeter ( www. ika.com) at, respectively, 18834 kJ/kg and 17537 kJ/kg.
Heat and mass transfer in pellets beds
Wood pellets are made by compacting sawdust at high pressure. In this process, the particles are glued together by the contained lignin. The individual pellets become dense and with a low porosity. They are fragile in the axial direction and can break up in shorter pieces, whereas in the radial direction the bindings are notably stronger. The stacking of the pellets implies that irregular channels are formed in the bed, allowing gas flows. Consequently, there are different modes of heat and mass transfer, within and between the solid pellets. Thus, the propagation of reactions fronts will also have different modes.
The heat and mass transfer of wood-pellets smouldering will have four important simultaneous subprocesses:
Convective transport and radiation in the irregular void between individual pellets. Mass exchange into and inside the dense material of individual pellets. Breakup and degradation of individual pellets. Breakdown of the stacking of the bulk of pellets.
In quiescent flow, the convective transfer might be low and the drying, pyrolysis and char oxidation fronts in the pellets may be similar to more uniform materials, e.g. powder or closed-cell foams. When a buoyant draft is allowed in the channels, the reactions might be propagating from pellet to pellet by convective heat and mass transfer and gaseous reactions.
Experimental set-up
All experiments (but the fuel analysis above) were conducted in the laboratory of RISE Fire Research in Trondheim, Norway, indoor at room temperature (18-23°C). The room was gently ventilated to maintain room air temperature and composition.
The test set-up, see Fig. 1 On top of the aluminium plate, the steel pipe was placed. The steel pipe was 33 cm high with an inner diameter of 15 cm and wall thickness 1 mm. The insulation around the pipe was 60 mm mineral wool with a density of 140 kg/m 3 and a conductivity of 0.041 W/(m K) and 0.085 W/(m K), respectively, at 50°C and 300°C. A perforated steel annulus, Fig. 2 , could be placed between the aluminium plate and the steel pipe. The thickness was 1 mm, inner and outer diameters 14 cm and 24 cm, respectively, with holes of diameter 3 mm and distance 6 mm (centre-to-centre in a triangle). This annulus was used to allow bottom air-draft inlet, and it was removed for the other cases.
In the centre of the upper opening of the steel pipe, a vertical, bidirectional probe was placed. To prevent melting, the tubing and the pressure transducers were made of metal. Inside the steel pipe, a ladder with thermocouples was placed (see Section 2.4 below). A gas measurement unit was placed above the steel pipe.
The two hotplates, A and B, had nominally identical specifications from the producer, while the real characteristics (e.g. actual power developed) may have had some deviations.
Thermocouples
Type K (chromel-alumel), Class 1, 0.5 mm encapsulated thermocouples (TCs) were used during the experiments. A stainless steel TC ladder was placed inside the pipe, as illustrated in Fig. 3 . Temperatures were obtained at 2, 4, 6, 8, 10, 12 and 14 cm height as depicted in the sketch. On each level, the three TCs read the left side (L), centre (C) and right side (R) temperatures with a horizontal separation of 3.75 cm. Another TC was placed at 33 cm, centre position. This arrangement assured that the locations of TCs were fixed during the experiment. In addition, one TC was placed in the centre of the upward surface (0 cm) of the aluminium plate, in a milled channel. Another TC was similarly placed under the plate. In the following, the TC positions are labelled with the height and horizontal position, like "0cmC", "2cmL", etc.
Thermocouples are in contact with gas phase and the pellet surfaces, whose temperatures are represented and can be different from the interior pellet temperatures. When gas and pellets surface temperatures differ, the TC will show a temperature between these.
Gas-flow probe and gas composition measurement
The flow was measured by a bidirectional probe located at the centre line of the pipe [44] . The pressure difference between the two cavities was measured by a pressure transducer with an accuracy of ± 5 Pa and a suitable range of measurement of 0-2000 Pa. The gas temperature near the probe was measured by the thermocouple at 33 cm height.
A device was set up for measuring concentration of O 2 , CO 2 and CO at the top opening of the steel pipe, near position 33cmL. 
Test procedure
The pellets were taken out of the freezer and kept in a sealed plastic bag at room temperature for 3 days in advance to make sure that they thawed without losing their properties. For each test, a sample of 1.25 kg was weighed. This amount corresponded to approximately 10 cm height in the steel pipe. The thermocouple ladder was placed into the steel pipe, and then the pellets were placed inside. The gas measurement unit and the bidirectional probe were placed in the open end of the pipe.
All the tests were run with the same thermostat settings. The logging of mass, temperature, gas composition and air flow was started two minutes before the hotplate was turned on at maximum power. After 6 h, the hotplate was turned off. At the end of the experiment, when all the thermocouples reached room temperature, the logging was stopped. All data were logged every 5 s.
When the test was finished, the remaining sample was removed from the steel pipe and stored. The test equipment (steel pipe and aluminium plate) was washed after each test using a detergent. After a few days, the residue was weighed and sorted manually into two fractions: char and ash. The sorting was made with a 4 mm sieve, which allowed separating ash (the finer fraction) from the black/brown/ unburned fuel. After sieving, the fractions were weighted.
Results
Test scheme
The set-up was designed to give upward smouldering propagation in all cases, initiated by heating from below. Placing the perforated annulus between aluminium plate and steel pipe (cf. Section 2.3) allowed air to enter into the bottom of the sample. This gave a buoyant air draft through the sample, in the direction of the smoulder. Hence, a predominantly forward smouldering propagation should be obtained. Without the inlet, the air had to approach the smouldering front from above. Thus, smouldering was in the opposed (aka. reverse) mode. More precisely, the mode was semi-opposed, as there had to be an upward, buoyant gas motion as well.
The labelling of cases in [41] was used. Cases with opposed smouldering, i.e. no bottom air inlet, were identified with labels VR1 to VR12 (R for "reverse"). Ten such cases are reported, as VR4 and VR5 were not completed due to equipment failure. Forward-flow cases, i.e. with bottom air inlet, were identified as VF1 to VF11 (11 cases; F for "forward"). The opposed and forward-flow cases were conducted It should be noted that the sixth case conducted, Case VF3, gave flaming combustion. Unfortunately, this set fire to the housing of the gas measurement unit, which broke down. Thus, gas composition results were available for Cases VR1-VR3, VF1-VF2. Furthermore, the fire spread to plastics part of the scale, which became less accurate after this incident. In addition, the hotplate was harmed and had to be replaced. Therefore, Cases VR1-VR3 and VF1-VF3 were conducted with Hotplate A, while in the remaining cases, Hotplate B was used.
Some initial tests were also conducted [40] with varying hotplate heating periods. Otherwise, the details were the same. Hotplate A was used. These cases included four without air draft: Two with 4 h external heating, and two with 6 h; and four cases with air draft, with 4 h (two), 6 h and 6.5 h heating. Among these, the two no-draft cases with 4 h heating gave no sustained smouldering, but cooled quietly after the heating. The other six gave smouldering propagation. These results are not reported here, except as trials to settle the main series of experiments and as input to the discussion. The choice of 6 h external heating for the main series was due to the initial tests. Similarly, the failed cases VR4 and VR5 are not reported in detail. However, some of the data may contribute to understanding of smouldering onset.
As mentioned, a pellets bed of some extension will comprise both upward and downward gas motions at different locations within the sample. Thus, the terms opposed and forward will here refer to the net oxygen flow direction, rather than a local or uniform transport of oxygen. In particular, the cases without the bottom air inlet will have a considerable amount both of upward and downward gas flow within the sample. Nevertheless, the net oxygen transport will have to be from the air above the sample, downward to the smouldering front, hence, opposed smoldering. For simplicity, the terms "opposed" and "forward" will be used for, respectively, the cases without and with the air draft from the bottom inlet.
Observed types of smouldering progress
Stages of the processes
The observed processes could be characterized in four successive stages (I-IV) as follows: The initial 6 h external heating period constituted Stage I. After some time, an intensive combustion period was observed, with a steep increase in temperature. This period was denoted as Stage III. The remaining time intervals were Stage II, before the intensive combustion period, and Stage IV after it. Finally, in a quiet period after Stage IV, the remaining sample cooled to ambient (room) temperature.
As described below, different types of behaviour were observed. All cases without bottom inlet (i.e. opposed flow) followed a scheme where the temperatures were reduced in Stage II after the initial external heating. After several hours, the temperatures rose to Stage III. The draft-inlet (forward flow) cases showed two different behaviours, here denoted as "Type 1" and "Type 2". Type 1 followed a scheme like that of the opposed-flow cases above. In Type 2, the temperatures (i.e. heat release) started rising within the externally heated period, and Stage III followed directly from Stage I, with no Stage II.
The beginning of Stage III was set to the first instance where any temperature of the sample exceeded 450°C and the duration of this period was set to 2 h. This time span captured most of the intensive combustion in all cases. For the analysis of data, the duration of Stage I was truncated by Stage III, when this occurred before the end of 6 h external heating.
The end of Stage IV was set to the instance when all temperatures had fallen below 125°C, without any later increase. The latter limit was somewhat arbitrary. However, the choice served to distinguish between active and non-active periods of the process.
The volume was not metered. Nevertheless, visual observations indicated that it remained approximately constant during Stages I and II, possibly with some swelling and shrinking. Hence, the mass loss mainly led to reduced bulk density. During Stage III, the volume reduction was considerable, with partial collapse, both of individual pellets and of the bulk stacking of pellets. This period was characterized by strong emissions of smoke. During Stage IV, the reduction was modest. These observations were made by human eye, assisted by the fixed thermocouple ladder, Section 2.4. Furthermore, the temperature readings of thermocouples in the gas volume above the sample were seen to fluctuate more rapidly than those known to be within the sample. This behaviour indicated when the sample had sunken below a certain thermocouple position.
The opposed-flow cases lasted for 54-65 h before reaching ambient temperature, while those with air inlet lasted for 31-38 h (Type 1) or 17-22 h (Type 2). During the externally heated period, here identical to Stage I, the temperature of the aluminium plate (position 0 cm) reached its maximum value. This was followed successively by TCs at 2-12 cm height, which reached intermediate peak temperatures at or just after the end of Stage I. The three horizontal TC positions (L, C and R) showed slightly different heating paths, as the pellet distribution within the pipe was not fully uniform. Generally, the centre TC had the highest temperature among the three horizontal positions.
Smouldering behaviour without air-draft inlet: opposed ropagation
The sample cooled during the first hours of Stage II, followed by a turnaround period that maintained an approximately constant temperature in this period, before a rapid increase towards the high temperatures in Stage III. In the cases of opposed flow, Stage II lasted for 19-23 h (exception: 26 h for one case). The TCs alternated around 250°C with the exception of the 2 cm position, which cooled together with the bottom aluminium plate and hotplate (not insulated). The maximum temperature in this period was registered in the TCs located in the pipe centre at 8 and 10 cm height. In the case shown (Case VR2, Fig. 4 ), the 2 and 4 cm heights reached intermediate peak temperatures at 360°C before declining again. In this case, the mass was virtually constant for several hours of Stage II, before a slow decrease. At the end of Stage II, the mass loss rate increased notably some time prior to the onset of the corresponding temperature rise towards Stage III.
In Stage III of this case, the maximum temperature reached 591°C after 28.3 h. All TCs at 8 to 33 cm height had their maxima in this period. The temperature increase towards Stage III set on simultaneously in the upper half of the sample (6-10 cm). This occurred after a long period (10-15 h), where the 6 and 8 cm positions had relatively stable temperatures of 300-350°C. In most opposed-flow cases, the 6 and 8 cm levels reached 400°C at the time when the 10 cm level went into a rapid increase from about 250°C towards its peak temperature. In the same period, the mass depletion rate gradually increased (Fig. 5 ). The combination of changed composition (towards char) and increased porosity within the individual pellets, giving more access to oxygen, might have led to the enhanced reaction rates. During Stage III, the lower part of the sample barely exceeded 200°C and 300°C, respectively, at 2 and 4 cm.
During Stage IV, the TC readings at 2-6 cm showed some irregular rise and fall as the reaction was proceeding. The behaviour could be explained by local collapses of the bed, with supply of air from above. These positions had their maximum temperatures in this period. Typically, the 6 cm TCs showed higher values early in Stage IV, while TCs at 2 and 4 cm showed peak values later in the period. The readings at 8-10 cm, subsequently also 6 cm, indicated that these positions were above the sample. This was visually observed, as well.
Forward smouldering behaviour Type 1
Two out of eleven experiments with air draft from below developed a Type 1 behaviour. Fig. 6 shows one of these, Case VF2. As seen, the TC readings in the upper part of the sample showed a more distinct plateau at 100°C compared to the opposed flow. Furthermore, due to the upward airflow, the temperatures inside the sample became higher during the external heating period. The corresponding mass depletion is shown in Fig. 7 . Additionally, three of four initial cases (Section 3.1) gave this behaviour, two of 4 h external heating and one of 6 h. During Stage II, the sample cooled by approximately 60°C and then underwent a period of relatively steady temperature for 5 h. The temperatures were approximately 300°C in this particular case. In Stage III the temperature increased to a maximum of 670°C after 13.8 h. This stage was initiated by an increase in the upper layers of the sample (6-10 cm), which had a rapid temperature increase from about 350°C in Stage II towards their peak temperatures in Stage III. The positions 4 and 2 cm followed with delay and to lower peak temperatures, although higher than those seen for the opposed-flow cases (Section 3.2.2).
The final Stage IV was similar to the no-draft cases, although shorter and less irregular.
Forward smouldering behaviour Type 2
Eight out of eleven test runs gave this behaviour, and Fig. 8 shows the temperatures of an example (Case VF5). Unlike the previous two behaviours, the sample rose to higher temperatures during the external heating. Already at 1.9 h in this case, sample temperatures exceeded that of the aluminium plate (0 cm).
The temperatures started to increase most rapidly at the bottom of the sample (2 cm), and the upper layers of the sample followed. This type had no Stage II, as Stage III commenced before the end of the external heating. For all cases, the temperatures of 400-450°C, in some cases also 500°C, were first reached at the positions 2-4 cm. Subsequently, those at 8-10 cm had a rapid increase, and reached 600 and 700°C. The following Stage IV was similar to the cases described above, altough with a shorter elapse time.
The mass depletion graphs of the Type 2 cases were similar to those above, except that the decrease in Stage III continued directly from that of Stage I.
Flaming fire
One test run, Case VF3, developed for sure into flaming fire. The incident was observed as the TCs above the sample (12 and 14 cm) gave temperatures above 800°C for a period of 4 min at time 5.17 h. Furthermore, the TC at 33 cm, located well above the sample, showed a high temperature of 776°C. In all other cases, the 33 cm temperature was much lower (150-300°C). At closer inspection, it was seen that a hot spot developed at 2 cm, which came above 800°C at time 5.03 h and rose rapidly to a peak of 943°C. The elevated temperature propagated upward through the sample in a few minutes. In addition, the bottom aluminium plate was considerably heated by the combustion.
Except for the higher temperatures and shorter total duration time, the behaviour of this case was similar to Type 2 above.
Non-sustained smouldering cases
Two cases investigated did not give sustained smouldering, which indicated on the limits of heating and/or time of heating required to reach sustained smouldering. Due to the equipment degradation, these cases had lower temperatures after the external heating. The aluminium plate (0 cm) reached 290°C in both cases, and the sample (2 cm) 
Temperatures
Temperature levels and variation
Mean (arithmetic) and standard deviations of temperatures within Stages II (2-10 cm heights), III (2-10 cm) and IV (2-4 cm) were calculated for all cases and shown in Figs. 9-11, respectively. These illustrate the temperature levels in the stages and the repeatability of the cases. Although some variation, there were close similarities among cases of the same type, and distinct differences between cases of different types.
The maximum temperatures for each period are shown in Table 1 for the cases of opposed flow and in Table 2 for the cases of forward flow. In addition, the location of the thermocouple measuring this value and the instance of time are included in the tables. For the period preceding the intensive Stage III (i.e. Stage II if observed, else Stage I), the maximum temperatures were just below 450°C and occurred just before the initiation of Stage III, according to the applied criterion for this stage.
The temperature-time and mass-time diagrams above were made by extracting every 60th data point. Due to this, in the temperature diagram, some high peaks were not captured by the graphs. This explains the differences in maximum temperatures between the temperaturetime graphs and tables and graphs based on all data. Shorter data extraction intervals gave similar graphs, but visually with thicker lines.
Horizontal variation of temperature measurements
In order to evaluate the horizontal deviation, the average and rootmean-square (RMS) values were calculated of the temperature deviations, − T T ( ) L C and − T T ( ) R C for each height (thermocouple positions from 2 cm to 12 cm) within each of the Stages I-IV. Here, the subscripts L, C and R refer to the thermocouple positions, see Section 2.4.
In Stage I, deviations were small (mostly 8-12 K as RMS), with some exceptions for Type 2 forward cases since smouldering propagation set on before the end of external heating.
In Stage II, the opposed-flow cases showed consistently lower temperatures T L and T R compared to T C (mostly in range 40-100 K, RMS). This was also observed for Type 1 forward in the upper part of the sample, while the lower part showed results that were more mixed.
In Stage III, opposed-flow, the deviations were more negative than positive. T L was consistently lower than T C , while T R was more up and down in relation. For forward Type 2, the lower positions (2-4 cm) had consistently positive deviations for L and R, while the upper part and Type 1 results were mixed. Fig. 12 shows the temperatures T T , R C and T L at 4 and 8 cm height for Stages I-III of two cases. It was seen that in Stage II, the opposed flow (no draft inlet) case had generally larger horizontal differences than the forward flow case, while lesser in Stage I. Examples of horizontal temperature profiles are shown in Fig. 13 for two instances (5.0 h and 12.0 h) for the same cases. In particular, the 12.0 h examples showed notable horizontal temperature differences.
Temperature gradients in the externally heated period
A particular observation was made on the temporal temperature gradients (aka. heating rates) in the externally heated period, where temperatures rose from 100°C to 200-300°C. For the opposed-flow cases (VR1-VR12) the gradient at 2 cm height was 2.5-3.0 K/min and at 8 cm, 0.5-0.9 K/min. These locations reached temperatures at 300-320°C (2 cm) and 200-250°C (8 cm) in Stage I, before cooling again. Apparently, this was sufficient to cause resumed and sustained smouldering 2-4 h later. The non-sustained Case VR4 had lower values: 1.6 K/min to 270°C at 2 cm, and 0.4 K/min to 160°C at 8 cm. For the forward cases (VF1-VF11), at 2 cm, the gradient was similarly in the range 2.5-3.3 K/min to approximately 300°C before either intermediate cooling or further increase due to reaction heat. At 8 cm, a difference was seen between Cases VF1-VF2 (0.9-1.4 K/min, reaching 200-250°C before intermediate cooling) and Cases VF3-VF11 (2.8-4.0 K/min to approx. 300°C, and then continuing directly into the intensive Stage III).
Reactions, heat and mass transfer
In this section, simple estimates based on known relations from combustion, heat and mass transfer and order-of-magnitude calculations are used to clarify whether certain features are plausible, or whether specific factors are of importance or not. 
Energy transfer and conversion
The hotplate (2 kW) appeared to give full power for a good hour and then for roughly half of the remaining time until it was turned off at 6 h. That is, a release of 25 MJ. For a comparison, an approximation was made for the heat absorbed and stored by equipment and sample. After the external heating period, the temperatures of the aluminium plate and the samples of the opposed-flow cases were on average increased by approximately 340 K and 185 K, respectively. Furthermore, the sample mass was reduced by approximately 30%, that is, 0.09 kg water and 0.30 kg volatiles out of a 1.25 kg sample.
When assuming that the steel pipe was heated like the sample, and assuming typical specific heats and enthalpies of evaporation, it was estimated that the temperature increase corresponded to 2.5 MJ and the evaporation to 0.9 MJ. That is, less than 15% of the heat from the hotplate, and even less when oxidation of volatiles are considered. Accordingly, a considerable amount of heat was dispersed into the surroundings.
The heat losses through the insulated sidewall of the test pipe were estimated to an order of magnitude of 0.01 MJ/h or less for the temperatures relevant for the entire experiment. This estimate was based on the geometry, conductivity of the insulation, a Nusselt number correlation [45, 46] and properties of air. Accordingly, these heat losses were insignificant.
After external heating, the aluminium plate temperature fell markedly and relatively fast (see e.g. Fig. 12 , temperature at 0 cm), which demonstrated that the heat losses from it and the hotplate were considerable. Another potential heat loss mechanism was the gas flow into and out of the sample. This will be discussed below.
For a comparison, the volume of the test pipe (6 l) corresponds to the combustor of a commercial 50 kW burner [47, 48] , which will consume the sample of 1.25 kg pellets completely in 7 min.
Gas flow velocities and gas composition
Since the sample filled about 10 cm of the 33 cm steel test pipe (cf. Fig. 1 ), the upper part formed a cavity filled by air and flue gases. The typical value for the measured air flows at 33 cm after the externalheating period were either upwards near 0.3 m/s (Cases VR6-VR12 and VF4-VF12) or the same value downwards (Cases VR1-VR3, VF1-VF3).
The instantaneous values were found to fluctuate around the typical value.
The gas component measurements were fluctuating, which obviously resulted from the varying gas motions mentioned. Hence, they were regarded as unsatisfactory to represent quantitatively the effluents from smouldering and are not reported in detail. Nevertheless, the tendencies were that O 2 was intermediately reduced in Stages I and III, but still with a relatively large value (above 15%). CO 2 and CO increased during Stages I and III, while having a lower, but still notable, value in Stages II and IV. Furthermore, the level of CO was found to be low, 2 to 3 orders of magnitude less than CO 2 . This ratio fluctuated, but did not show particular tendencies except an increase during the first 1-2 h of Stage I.
No particular wind sounds were observed during the experiments. This indicated a low velocity in the passage through the perforated annulus between the aluminium plate and the steel pipe for forward flow (Section 2.3 and Fig. 1 ). An estimate of the air-draft flow into the sample can be made by integrating the Euler equation through the passage, into the sample and to the outlet of the pipe. Without the flow resistance in the sample, the estimate was 1.5 m/s. That is, with the resistance included, realistically well below 1 m/s. An air mass inflow of − 0.1·10 3 kg/s turned out as a higher limit. This was much less than required for the smouldering process, especially in the period of intensive reactions, Stage III.
Gas-phase reactions
In comparison with the timescale of the smouldering process (hours), the timescales of gas-phase chemical reactions can be assumed very fast. Above, the turbulent motions were estimated to a timescale of 1 s. Time scales of the global reaction of CO with O 2 were estimated [50] . At a temperature of 350°C, the estimated timescale was 0.5 s, or (with excess of O 2 ) less. For higher temperatures, the timescale was much smaller (e.g. 0.05 s at 400°C) due to exponential relations. Within realistic concentrations, the estimate was not notably sensitive to composition of the gas. This means that whenever O 2 is available, the pyrolysis products will be consumed fast (relative to the smouldering timescale) towards equilibrium. Furthermore, at the relevant temperatures (< 1000 K), the CO-CO 2 equilibrium is strongly in favour of CO 2 (10 orders of magnitude or more).
Propagation of fronts
The spreading of drying, pyrolysis and oxidation in organic fuels can be indicated [51] by observing the fronts of 100°C, 200°C and 350°C, respectively. The time to reach 100°C and 200°C at different heights in the centre of the sample is shown in Fig. 14. The graph shows averages within all opposed-flow cases and all Type 2 forward-flow cases (VF4-VF11). Variations among cases are indicated by the error bars, which show standard deviations. For 100°C, Type 1 forward was similar to the opposed flow and is not shown.
It should be kept in mind that the external heating from below lasted for 6 h. Furthermore, it is noted that the low number of cases makes the standard deviations to indications of variation rather than statistical quantities. The front spreading speeds calculated from the average times of propagation in Fig. 14 are shown in Fig. 15 .
The times to reach temperature 350°C, which represents oxidation [51] , are shown in Fig. 16 . For forward flow Type 2, this temperature occurred within the externally heated period (6 h). Moreover, in the opposed flow cases, some locations (2-4 cm, sometimes 6 and 10 cm) did not reach 350°C within Stage II, as seen from Fig. 4 . For these instances, the time to the intermediate maximum was used in the graphs of Fig. 16 . The Type 2 forward flow cases showed 350°C propagation speeds of 3-25 cm/h. In the majority of instances, the opposed flow had propagation speeds that were an order of magnitude lower, within 0.13-3.1 cm/h. The latter was relatively low compared to some other studies (on powder) [12, 17] , while more in the range of [16, 25] . For some instances, however, the 350°C temperature was reached nearly simultaneously at two heights.
Residues
The opposed-flow cases gave on average 17 g ash (fine fraction) and 155 g char (coarser), or 1.4% and 12.4%, respectively, of the original sample mass. The Type 1 forward cases left 2.0% ash and 9.0% char, while for the Type 2 forward cases, the residues were 1.7% and 7.4% on average. The flaming case (VF3) gave 1.4% ash and 6.3% char. 
Frequency of data
Recording data every 5 s meant that very short-lasting events were not captured, such as short outbursts of burning gas. On the other hand, the main processes of smouldering take place on much longer timescales, on the order of hours rather than seconds. An exception was the flow in the gas phase above the sample. The readings of thermocouples located here must be regarded as average temperature values rather than fluctuations. Even here, the timescales of turbulent motions (estimated [52] to an order of magnitude of 1 s, based on size and measured velocity) were quite large compared to those that can be found in turbulent flames.
Gas flows within and above the pellets bed
The horizontal temperature differences shown (Section 3.3.2, Figs. 12 and 13 ) could set up upwelling flows through the porous material. At least for the configuration without inflow from bottom, these upward flows led to downdraft in other parts of the sample. Hence, fresh air can be brought into the sample to initiate and enhance smouldering. For the forward-flow configuration, the temperature differences will enhance and modify the buoyant flow through the sample. Also for these cases, downdraft flow was a possibility. During the external heating period, the steel test tube temperature presumably approached that of the aluminum plate (Thermocouple 0cmC). This must have enhanced upstream flows near the wall and thereby contributed to the internal flows. V. Rebaque, et al. Fuel 264 (2020) 116806 In Section 3.5, it was seen that for some instances, the temperature assumed for oxidation (350°C) was reached nearly simultaneously at two heights. This indicated that the smouldering could spread as a distributed reaction rather than a distinct front. In addition, the Type 2 forward cases with the higher propagation speed (approx. 25 cm/h) can be interpreted in this manner.
Although limited, the available data (Section 3.4.2) on gas flows were consistent with irregular, fluctuating and circulating motions above the sample. The data showed that air flows from above gave a supply of fresh air into the cavity. Furthermore, the low CO-to-CO 2 ratios and the relatively high O 2 contents observed indicated that the reactions occurred at excess oxygen and to a high degree of completeness.
The estimates on gas-phase reactions (Section 3.4.3) show that very low CO concentrations should be expected above the sample. Generally, CH 4 and H 2 are more reactive and will be consumed before CO. Furthermore, as long as oxygen is available, notable gas-phase reactions will take place within the void of the pellets sample. Here, it should be kept in mind that 42% of the dry fuel is oxygen (cf. Section 2.1).
Type 1 vs. Type 2 forward smouldering
An idea for explaining the development of Type 1 vs. Type 2 behaviour was that the initial temperature development might have been different. Furthermore, it is plausible to ask if the change of hotplate after VF3 can be a reason. However, inspecting the temperature development of the aluminium plate and the sample in Stage I, showed that VF1 had a lower externally heated temperature than VF4-VF11, whereas VF2 had a higher temperature. It can also be pointed out that among the initial cases (all conducted with Hotplate A), both Type 1 and Type 2 behaviour were observed.
Another possible aspect can be the quality of the pellets samples, such as wood-species mixture, wood growing condition, trunk vs. branches, etc. The specifications of the delivered fuel were not sufficiently detailed to judge this. Furthermore, differences in the irregular stacking of the pellets sample is a possibility.
The development of smouldering combustion is a composite process including heat and mass transfer (Section 2.2), pyrolysis, chemical reactions, gas motion within and above the sample, etc. On one hand, the gas flow within the sample can supply oxygen to the reaction. On the other hand, the same gas flow can cool the individual pellets inside the sample. The relatively low propagation speeds indicated that the latter effect was important.
It is worth noting (Section 3.3.3) the differences at 8 cm between Type 1 (Cases VF1-VF2) and Type 2 (Cases VF4-VF11) forward smouldering. The faster heating of the upper part of the sample may be part of the explanation of the different behaviours. Data by Anca-Couce et al. [53] showed that when the heating rate was reduced from 10 to 2.5 K/min, the depletion and depletion rate of wood in air was reduced. However, the effect was seen mainly at higher temperatures, while for 250-300°C, the gasification at 2.5 K/min was moderately less than that at 5 and 10 K/min. Experiments by Kashiwagi and Nambu [54] showed similar results for paper in air for heating rates of 1, 3 and 5 K/min.
Faster heating and more intense pyrolysis and oxidation are selfreinforcing processes. The initial cause of the larger temperature gradient can possibly be the properties of the sample, such as composition, size (i.e. length) of pellets and stacking of the sample. Different air flow patterns due to different stacking of pellets affect oxidation, heat transfer and species mass transfer.
Initation of combustion (smouldering or flaming) depends on the reaction rate of the solid and the evaporated volatiles (usually exponential in temperature), heating/cooling of the reactants, and supply and removal of gaseous reactants. A gas flow will both supply air, heat or cool the fuel, and remove (or supply from upstream) evaporated volatiles and combustible reaction products.
A study of van Blijderveen et al. [55] on ignition of wood chips in packed beds heated by an air flow showed spontaneous ignition in the range 225-250°C. A lower air velocity (i.e. lower rate of heat transfer) gave lower ignition temperature of the sample and lower minimum air temperature, while the necessary time for ignition increased. The elapsed time was in the range of 3 to 30 min, i.e. comparable in order of magnitude to the forward-flow cases of the present study. Similar results were found by Ronda et al. [22] with pine bark in a forced flow reactor with the air flow heated up to 250°C. An increased air flow rate cooled the sample and inhibited the reaction.
Forward and opposed smouldering propagation
Above, it was been found that a substantial rate of heat was lost during the experiments, both from the metal objects under the sample (Section 3.4.1) and by gas flows above it (Section 3.4.2). Uneven thermal development, with horizontal and vertical temperature differences (Section 3.3.2) contributed to driving forces for air flows inside the sample. Uprising buoyant flows gave downward flows in other parts of the sample (Section 4.2). For the opposed-flow configuration, i.e., without air draft inlet from below, these circulating motions were the only supply of air. In the forward-flow cases, an air flow was introduced into the bottom of the sample (Section 2.3). Although it was found to have a limited flowrate (Section 3.4.2), the difference made was apparent and significant.
It was deduced that fresh air was brought down into the cavity of the steel pipe, above the sample, and further down into the sample. Also for the forward-flow configuration, the airflow from above was considerably larger than the air supplied from below.
In summary, the smouldering propagation in the sample was partly supplied by oxygen from below, but mainly from above. Locations of forward smouldering and locations of opposed smouldering existed at the same time within the sample. Accordingly, the purely forward and purely opposed smouldering propagation were not obtained. This differs from slender systems like a narrow tube or cigarette, whereas it resembles practical cases like a pellets storage bin. This means that the terms "semi-forward" and "semi-opposed" could be more precise labels for the cases studied. On the other hand, even a modest additional airflow, as in the presented forward cases, had considerable impact on the behaviour. As seen in the results section, temperatures became higher and the consumption faster and more complete. Obviously, Case VF3 developed into flaming combustion for a few minutes (Section 3.2.5). This was evident from the high temperatures (Table 2) in the sample and, in particular, above. In addition, the damages to the equipment left no doubt. The relevant issue was whether any other cases had flaming combustion. We did neither record the experiment on video, nor did we visually observe it continuously. However, the instances actually observed visually revealed no evidence of flaming. Some of the thermocouples recorded peak temperatures at a level that might indicate some flaming. For instance, in Case VF5 (Fig. 8) , which had the highest temperatures besides case VF3, the temperatures at 6 and 8 cm height peaked to 781°C and 801°C, respectively, in Stage III. The simultaneous readings for the thermocouples straight above these (10-14 cm) were 160-380 degrees lower, which indicated that there were no uprising tongues of flame. Furthermore, even the most intensive combustion period (Stage III) had a duration of hours, while in flaming combustion, the same amount had been consumed in minutes (cf. Section 3.4.1). It can be remarked that the high temperatures were seen in the upper part of the sample, close to the open surface. On the other hand, it was noticed that the temperatures developed as a hot spot starting a 2-4 cm and moving upwards, cf. Fig. 8 .
An issue here can be the definition of flaming versus smouldering. The distinction often found in literature must be understood as a reference to visible flame or not. However, visibility is troublesome to apply as a criterion. The discussion of Rein [3] pointed towards a criterion related to which reactions that are involved. Others have pointed at the presence of CO [56] .
In Section 3.4.3, it was found that if CO, CH 4 and H 2 from pyrolysis rose to the sample surface, they would oxidize almost completely within the available timescales. That is, quite fast in the perspective of smouldering. Furthermore, it must be expected that the air motion into and within the pellets void were unevenly distributed. This means that some locations from time to time experienced a surplus of oxygen. Hence, there were possibilities of both gas-phase reactions of pyrolysates and of char oxidation within the pellets sample. Smouldering is often modelled by a 3-5 step reaction mechanism, including the oxidation of solid components like char. Such a set of global reactions emulates thousands of elementary reactions [57, 58] , where the great majority are gas-gas reactions. Accordingly, the distinction between smouldering and flaming as gas-solid vs. gas-gas reactions is not a clear criterion.
Basically, we have regarded the cases other than VF3 as primarily smouldering combustion, although incidental major gas-phase reactions can have occurred. The long process time, together with the lack of direct evidence of flames, were reasons for this viewpoint.
Practical considerations
The wide usage of wood pellets means that some results can have direct, everyday relevance. One of the most interesting result may be the fact that Type 1 forward smouldering was observed to take place: a lurking fire waiting for hours at low intensity before escalating.
One finding from the experiments was that the air supply is very important for the development of smouldering and flaming, and that a relatively small flow can make notable difference. For a storage bin or silo, it may seem obvious that direct air supply through openings must be avoided or carefully controlled. However, also the upper free surface of the stored body of pellets can receive air. The results here indicate that this surface should have a restriction or cover, to obstruct the air downdraft into it. It could, for instance, be some sort of a solid (and non-flammable) loose lid, moving with the surface as this is lowered during the gradual drain of the container.
Conclusions
Samples of 1.7 l of dry wood pellets (8 mm diameter) were tested in a set-up with intial heating from below. Configurations with and without draft-air inflow from below were tried to provide smouldering propagation. Time series of distributed temperature data were recorded, together with values of the sample mass.
The experiments with an air inlet was observed with two distinct smouldering behaviours: Type 1, where the sample after the period of external heating (6 h) cooled for 6-10 h, and then increased in temperature to intense smouldering, and Type 2, where the sample went into intense smouldering before the end of external heating. One of the latter cases developed into flaming combustion. In experiments without air draft, the sample cooled after external heating, before developing into intense smouldering about 20 h later.
The process could be divided into four main stages: Stage I with external heating, Stage II characterized by a moderate smouldering and partial cooling, Stage III with intense combustion, and the final Stage IV. All four periods were distinct for Type 1 draft flow and no-draft modes, while for Type 2 propagation, Stage III overlapped the external heating and no Stage II was observed.
Smouldering without air-draft inlet reached a maximum temperature of 550-635°C after approximately 27 h, while draft-flow Type 1 reached 600-670°C after 18 h and Type 2 reached 720-800°C after 5 h. The total mass loss was approximately 90% with air-inlet cases, while approx. 85% for no-inlet cases. Propagation with air inflow was considerably faster than without, however, much slower than ordinary combustion for energy conversion.
All cases but one were regarded as predominantly smouldering combustion, in spite of relatively high peak temperatures. The discussion pointed out that criteria for distinguishing flaming and smouldering combustion are not clear.
The size of the sample was sufficiently large (diameter 0.15 m) to allow an uneven thermal development. It was found that buoyant flows in the pellets void caused downdraft of air into the sample from above, for both configurations. Consequently, there were possibilities for local excess of air, which could have caused temporarily high temperatures.
Differences in temperature gradient (heating rate) and temperature level were noted, which can contribute to explaining the development into non-sustained smouldering, delayed onset of smouldering after hours of cooling, and direct transfer to intense smouldering. However, more data are needed in this respect.
The difference between the two configurations was buoyant draft inflow of air into the bottom of the sample. Although modest, this inflow caused a substantial rise in smouldering and shortening of the elapsed time.
Fronts of drying and pyrolysis were identified and tracked. In addition, a front of oxidation was found in a part of all samples. However, some cases indicated that oxidation in wood pellets can propagate as a distributed reaction rather than a front. 
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